The internet has made massive progress since the 1990s. The amount of traffic that crosses the Internet now is 22 million times more than what was generated in 1992. Although the fiber optic cables replaced the century-old copper cables to transmit trillions of bits per second, the end user at a local area is still hungry for more bandwidth to run new emerging applications. This put both ISPs and the mobile network operators under challenges: Are they ready for the Mammoth Internet? Will ISPs be able to offer the capacity to meet the growing demand? Is their infrastructure capable of serving the future disruptive services such as 4K/8K technology, VR/AR, autonomous vehicles, etc? The literature lacks a comprehensive study of bandwidth requirements for the end user in both fixed-access and mobile Internet. In this paper, we bridge the gap that is missing in the current literature. We provide an insightful study regarding bandwidth consumption in both fixed-access and mobile networks. We investigate bandwidth drivers in both fixed access and mobile networks and forecast the future behaviors and consumption of the end user. We Identify Internet of Things (IoT), video streaming, 4K technology, and VR/AR as potential bandwidth drivers of both fixedaccess and mobile Internet. We design our models to forecast the bandwidth of both residential Internet and mobile data by 2021 and measure the contribution of each bandwidth driver to this projection. Our models include all possible types of end users and their bandwidth consumption behaviors. Our results show that video entertainment with 4K technology along with VR/AR will be the top drivers of future bandwidth, while IoT will be of least impact among them. Furthermore, we present a supporting use case to calculate the bandwidth requirements for streaming video content on regular and flagship handsets. Regarding the fixed-access Internet, our model shows that 50% of households will require ≤ 78 Mbps, 12% of households will require between 78 and 100 Mbps, and nearly 5% will require ≥ 500 Mbps. Furthermore, our model for mobile bandwidth shows that 50% of the cellular connection-sharing devices will require ≤ 25 Mbps, 35% will require between 25-50 Mbps, and nearly 5% will require between 100-138 Mbps. Although this study shows results for a specific time period, our bandwidth models are time-independent and can be used for any period. Furthermore, our model can be employed in socio-economic models to predict the economic benefits and potential revenues.
I. INTRODUCTION
The advancement of telecom technologies in recent years has opened the door for development of next generation digital services and applications. However, they have also led to a huge surge in data traffic that has evolved from Kilobytes to Exabytes over the years. These data-driven services have different Internet bandwidth (BW) requirements.
The associate editor coordinating the review of this manuscript and approving it for publication was Byung-Seo Kim.
Therefore, the projection of the future BW requirements for consumers of these services is of direct interest to Internet Service Providers (ISPs) and cellular networks operators. Overlooking this problem poses a real risk to their networks, and consequently may impact their customers.
Bandwidth refers to the data rate transfer over the Internet, which is expressed as a quantum of data per second [1] . We differentiate between data traffic and the bandwidth where the former means the total amount of data that crosses the Internet during a specific time period, and the latter refers to the minimum amount of data bit rate required to fulfill the consumer's demand. Bandwidth consumption in both fixed-access and mobile Internet continues to increase. Any successful business decision to address the future bandwidth requirements should rely on facts and analysis rather than on historical numbers only.
Several data traffic drivers contribute to the surge of traffic in both fixed-access and mobile networks. Some of these drivers are pervasive mobile devices, sensing devices, and online entertainment services. This indicates the importance of data as an asset in the core of service-based business models. For example, data files such as audio, video, text, images, etc. are provided to customers over the Internet regardless of their geolocations. This data-driven concept of service provisioning is called Data-as-a-Service (DaaS) [2] .
The residential traffic will account for 82% of all fixed-access Internet traffic compared to 18% for the business traffic by the end of the year 2021 [3] . Furthermore, the percentage of data traffic that will cross the fixed-access Internet will represent 66% of the total residential traffic compared to 34% for the mobile and managed IP 1 traffic by the end of year 2021. On the other hand, fixed access Internet plays a crucial role in enabling large-scale networks such as the Internet of Things (IoT). 13.7 billion IoT devices are estimated globally by 2021 [3] . IoT infrastructure will cover almost everything around us such as smart homes, smart vehicles, smart buildings, etc.
Mobile traffic will account for 17% of total IP traffic by 2021, and by that time, the traffic generated by smartphones will exceed the traffic generated by PCs [3] . This is because of two factors: a) the sharp rise in the number of smartphones and the proliferation of mobile Apps, and b) other devices such as IP-based TVs and gaming terminals will dominate the fixed-access Internet consumption on account of PCs. Mobile connectivity has become essential for many network users. Most people already consider mobile voice service a necessity. Mobile voice, data, and video services are fast becoming an integral part of consumers and business users' lives. The extensive use by individuals as well as enterprise segments have proved mobility to be transformational. The generated traffic in cellular-network is much less than the generated traffic in fixed-access network due to the limited bandwidth and cap on a plan with the current cellular networks (2G, 3G, and 4G) compared to the fixed-access network [4] . However, the penetration of 5G will make a huge mind shift in human perception of cellular-enabled devices. The high connectivity coverage, low latency of 1 ms will bloom a new era of economic prosperity in which cellular-based devices will be the engine to get the most daily services and applications. The free tethering with high cap plans released by a number of cellular operators has made it possible from a cost point of view to attach different devices such as tablets, smartphones, IoT devices, etc. to the 3G/4G and later for 5G mobile data connection.
The coming few years will be critical for cellular operators and ISPs to make their future networks adaptable to include a multitude of cellular-enabled devices and services.
The contributions of this paper are as follows.
1) Identify most disruptive bandwidth drivers for both fixed-access Internet and cellular-based Internet. 2) Provide a case study of flagship smartphones and their bandwidth requirements for streaming video contents. 3) Develop forecasting models for both fixed-access Internet, and cellular-based mobile Internet; and then project the future bandwidth requirements for the users of both networks by year 2021. 4) Conduct multiple experiments to show the validity of our models, and the impact of each bandwidth driver on the future of bandwidth requirements.
we conduct our study considering various household types: different sizes, and multiple levels of Internet usage. Similarly, we address the cellular-based mobile Internet, and we consider how many devices/users share the same cellular connection at the peak time of usage. We focus on the minimum bit rate required based on the user's usage of different DaaS products. In this paper, we use the bandwidth and bit rate interchangeably.
The remainder of the paper is organized as follows. Section II surveys related work. The drivers of bandwidth in the fixed-access Internet will be explored in Sections III -V. In Section III, we address IoT, where we provide an overview of its current and future status. Section IV covers 4K and VR/AR technologies. Top bandwidth-consuming applications are investigated in Section V. Section VI will be devoted to introducing the mobile Internet. Similar to the fixed-access Internet, we explore the bandwidth drivers in Mobile Internet in Sections VII -IX: cellular connectivity-based IoT devices, cellular connectivity-based VR/AR, and top mobile bandwidth-consuming applications, respectively. Section X presents our proposed models and numerical results. Finally, Section XI concludes the paper.
II. RELATED WORK
The global Internet traffic was 29 TB/month (terabyte per month) in 1994 [5] . Now, this amount is rising exponentially. For example, the Internet traffic was 1.3 EB/month (an exabyte is EB=1 million TB) in 2004, and reached 42 EB/month in 2014 [5] . Harstead and Sharpe [6] provided a Monte-Carlo-based forecasting model for bandwidth in the fixed-access Internet. The authors focus on video streaming as the main driver of residential bandwidth. They classified the video streams into a standard definition, high definition, and ultra-high definition resolutions. The delivery of these streams was either unicast or multicast, and the bandwidth usage of household/subscriber could be ''moderate'' or ''heavy''. Furthermore, Harstead et al. considered the burst rate in their model which is equivalent to the peak hour demand. Their forecast aggregated demand over ten years (i.e., 2014-2024) considering a range of 8-512 subscribers. They found that bandwidth growth is 8-14 percent YoY. However, there is no base value of bandwidth requirements for year 2014 to project the expected bandwidth demand after year 2014. If we assume a base value of 20 Mbps in 2014, then we expect between 34 -50 Mbps in 2021 which is close to our analysis of 4K adoption usage for a household of three individuals. This study did not provide a comprehensive investigation of all possible disruptive bandwidth drivers for both fixed-access and mobile Internet. The parameters of their study are also limited to the intensity of video-streaming use only. There is no discussion about the size of the household or the level of technology adoption.
Klöfver [7] investigated the behavioral fixed-access Internet usage by Swedish households from a 3-6 year perspective. They addressed motives and determinants that help describe Internet bandwidth adoption. The authors predicted that the majority of households would require 50-60 Mbps in 2016 and the bandwidth demand will increase to around 100 Mbps by 2022. However, the author did not provide any model that can involve many behavior-related factors to make more realistic bandwidth projection in 2022.
The domestic bandwidth demand in the UK for the period 2013-2023 was addressed by Kenny and Broughton [8] . The authors found that the time spent on entertainment, personal interests, and watching TV totals only 3.82 hours per individual per day. Their model showed that by 2023 the median household would require 19 Mbps of bandwidth, while the top 1% of the household will require 35 Mbps. This research assumed improvement of video compression of 9% every year. However, this article did not address explicitly the IoT and other top bandwidth-consumption drivers such as virtual reality and augmented reality (VR/AR). Their study did not highlight the pattern of major disruptive bandwidth drivers.
Zhuang et al. [9] addressed the future disruptive technologies of bandwidth for both fixed-access and mobile Internet. The authors conducted their research in 2013. Their study showed that fog computing will be the top bandwidth drivers for households in the future. Like Klöfver [7] , no discussion on modeling or performance evaluation.
The bandwidth requirements in mobile networks have also been addressed in different research works. The bandwidth requirements of mixed-reality gaming was addressed by Doppler et al. [10] . The authors proposed a platform that can reduce the data rate requirements from Gbps plan to 100 Mbps plan. Based on human eyes natural limitations, the authors found that the perceived data curve represents a lower bound of the bandwidth for perceptionbased video delivery. Consequently, their proposed platform has the potential to reduce the bandwidth requirement for Free-Viewpoint video format to 100 Mbps, down from 6 Gbps. However, the simulation was done under the assumption that the network supports a 10 ms Round-Trip-Time (RTT) delay. Also, the bandwidth requirements depend on the accuracy of the eye gaze tracking.
Zhang and Patras [11] proposed a scheme based on a deep spatio-temporal neural network to predict the coming data traffic through cellular networks. They utilized real-world testbed collected over a 60-day period for urban and rural areas in Italy. Their proposed scheme was able to predict accurately the coming traffic up to 10 hours ahead. However, the paper did not address the bandwidth requirements and bandwidth drivers of a cellular connection.
Yoshida et al. [12] projected an average of 10 Mbps of bandwidth required per user in Japan by 2025. Their calculation depends on the predicted future mobile traffic generated by 2025. They assumed that the traffic generated by mobile data would increase by 1.8 times per year. They proposed IP-TV to be one of the main drivers of mobile data bandwidth. However, their study did not provide another bandwidth driver such as IoT, VR/AR, or Video gaming. Furthermore, an accurate projection of bandwidth requirements must consider the peak time of usage. For example, playing back video with 4K format on Amazon prim requires at least 25 Mbps. Therefore, their method of averaging the bandwidth overall users does not provide a real trend of users' behavior and, hence, cellular operators will get an inaccurate projection in this case.
III. INTERNET OF THINGS
IoT is a network that connects ''Things'' with sensing/actuation and potential programmability capabilities to the Internet [13] . Therefore, IoT covers almost every aspect around us. Some examples are: 1) smart homes. They include smart appliances such as smart power meter, refrigerators, TVs, light bulbs, air conditioning systems, surveillance camera, and even toasters, 2) smart cities which include transportation, roads, parking, pollution, weather. The functionality is, perhaps, the most significant feature of IoT. The functions include sensing and detecting events, monitoring the status of an object, and communicating with other sensors to collect information about a specific event. A smart home system based on IoT is proposed in [14] . The authors in [15] show that anchor misplacement may lead to unreliable sensing coverage in IoT, where an anchor is a special sensor node with a known location that is used as a reference in localization of other sensors. We refer the readers to [16] , [17] for more details in IoT.
A. THE CURRENT STATUS OF IoT
Although there is no globally-accepted standard of IoT yet, many counties around the world adopt IoT technology, especially in developed countries. We assess the current status of IoT by utilizing machine-to-machine (M2M) connections, which represent the communication links in the IoT network. There are 7 billion M2M connections in 2017, and this number will increase to 8 billion by the end of 2018 [3] .
The global M2M traffic is about 3 EB in 2017 which represents 2 percent of global IP traffic (i.e., Global traffic was ∼ 122 EB in 2017) and will increase to 4 EB by the end of 2018 [18] . 
B. THE FUTURE OF IoT
Machine-to-Machine (M2M) connections will be doubled globally to reach around 13.7 billion by 2021 [3] . In other words, there will be 1.75 M2M connections per individual in the world.
In order to evaluate the average growth rate of Internet traffic over years, we use the compound annual growth rate (CAGR). CAGR is a relatively simple metric since it measures the average rate of traffic growth over time. CAGR's general formula is shown in (1) [19] .
The growth rate of M2M connections does not increase at the same rate as its M2M traffic counterpart. This is probably because of the increase of video applications deployment over IoT connections which hikes the Internet traffic. A significant portion of M2M connections will be generated by home applications, such as home automation, home security and video surveillance, and tracking applications. This portion will represent 46 percent of the total M2M connections by 2021 which makes our study of high importance [18] . There are several technologies that are embedded in IoT sensors. Table 1 shows these technologies and their required bandwidth. The table shows that the average bandwidth required to run an IoT sensor is no more than 2.9 Mbps. For instance, if a household has two operating IoT sensors, at least 5.8 Mbps is required. However, there is scope for statistical multiplexing [20] to reduce the required bandwidth of multiple sensors by dividing a communication channel into slices of variable bitrate.
IV. 4K AND VR/AR TECHNOLOGIES
4K video is another important driver behind the increased amount of bandwidth consumption. 4K technology delivers four times the number of pixels as Full HD (i.e., 1080p) does. Likewise, both virtual reality (VR) and augmented reality (AR) consume a large volume of bandwidth to provide a satisfactory experience for the consumers. UHD 4K is the standard of 4K technology for TV and other monitors with a resolution of 3840 × 2160. According to Strategy Analytics company [21] , 50% of US homes will adopt 4K TVs by the end-year 2020 compared to 15% in year 2017. In 2016, 10 million 4K TVs were shipped to the household in USA which is 40% increase compared to year 2015. CAGR of 49% of 4K TV market share is growing between 2017 and 2020. Applying the same CAGR on year 2021, we project 240 million 4K TVs. Table 2 shows the minimum speed required to downstream different video services.
On the other hand, VR is the upcoming video application that is expected to increase the bandwidth requirement for fixed-access Internet service. The residential consumers will be more likely to subscribe in ''Gigabit'' plan to get seamless connectivity, and immersive experience.
A. THE CURRENT STATUS OF 4K AND VR/AR TECHNOLOGIES
The bandwidth consumption and traffic generated by 4K technology are directly related to the quality of video streaming as illustrated in Table 2 . The current status of video streaming traffic that crosses fixed-access Internet is 38,369 PB and 51,022 PB per month for 2016 and 2017, respectively.
Regarding the status of VR/AR, the total traffic of VR and AR is 13.3PB and 3PB per month in 2016, respectively. There are many ongoing projects to make VR more available in terms of reducing bandwidth requirements and latency. For example, Facebook is working currently on an ambitious project about a new compression technology to reduce the bandwidth required. Their initial results show a reduction of 25-80% of original content [22] .
B. THE FUTURE OF 4K AND VR/AR TECHNOLOGIES
Considering 50% of the video content will be in 4K format by 2021, 2 the fixed-access Internet traffic will increase by 251,976 PB per month in year 2021 which is two times more than the forecast study conducted by CISCO [2] . Table 3 shows the expected residential fixed-access Internet traffic in 2021.
The predicted market share of VR/AR by 2021 is $54.6 billion USD, up from $2.5 billion USD in 2016. Consequently, the bandwidth consumption by this industry is expected to increase up to 20-fold by 2021 [23] . CISCO estimates that there will be 100 million wearable VR headsets globally in 2021, up from 18 million in 2016, at CAGR of 38%. The low-resolution 360 experience requires at least 25 Mbps for VR streaming. On the other hand, HD and Retina (i.e., UHD 4K) resolution require at least 80 and 600 Mbps, respectively. The predicted data traffic by VR is 140 PB per month in 2021 at a CAGR of 62% (2016-2021). AR will increase by 21 PB per month globally in 2021 at CAGR of 48% (2016-2021).
V. TOP BANDWIDTH-CONSUMING APPLICATIONS
Real-time entertainment applications consume more than 71% of the peak period data traffic in fixed-access networks. The video content represents around 61% of the downstream bandwidth, while the rest of applications consume only 39% [24] During the last decade, there has been a dramatic change in the hierarchy of top-consuming-bandwidth software applications. For example, BitTorrent and other file-sharing applications were the dominant consumers of bandwidth. This map is changed to the interest of real-time applications such as Netflix, Amazon Video, YouTube, IPTV, gaming terminals, etc.
A. THE CURRENT STATUS OF TOP BANDWIDTH-CONSUMING APPLICATIONS
The second column of Table 4 shows the market share of the top data-consuming applications in 2017 [24] . Suppose there are three household sizes of 2, 4, and 7 members. Given the traffic market share of each Internet application, we are interested in estimating the bandwidth required by these applications in year 2017. We assume that 5% of video streaming is in 4K format, and the rest is in HD format. Therefore, the values in Table 2 are used. The distribution of household numbers over the applications is proportional to the application's traffic market share. The results are shown in the Table 4 . The total minimum bandwidth (BW) required by households 2, 4, and 7 are 8, 17, and 34 Mbps, respectively. The bandwidth requirement for a household of size 2, for example, is calculated in the following way:
The report in [24] focusses on the current application mix and their bandwidth consumption. On the other hand, CISCO's recent report [3] , provides forecast information about the future trend of data traffic generation for both residential and business sections. For instance, CISCO projects that residential traffic accounts for most of the bandwidth consumption. It will consume 82% of all fixed-access Internet traffic by the end of 2021 [3] .
Due to the space limitation, we omit a table that is similar to Table 4 above, yet it projects the bandwidth requirements in 2021. The omitted table differs in two columns: the percentage of 4K video adoption which is 50% instead of 5%, and the second column of the market share in which video streaming application, Youtube, and Xbox one will have percentages of 73, 20, and 2.51, respectively. The projected total speed required in 2021 is 17, 42, and 87 Mbps, for 2, 4, and 7 household sizes, respectively.
VI. MOBILE DATA AND INTERNET TRAFFIC
In this Section and beyond, we investigate the future requirements of mobile bandwidth in a similar way we did in the previous sections with the fixed-access Internet.
Mobile data traffic is generated by usually mobile handsets such as smartphones, tablets that access the cellular data to execute Data-as-as-Service (DaaS) products such as online multimedia messaging, music services, and video streaming. However, not all tablets support cellular communication, but they can still share a mobile connection from other cellular-enabled devices. Tablets are used usually for multimedia, reading, and business-related tasks. So, they are used primarily among education and business sectors, but the uses will continue to rise. PC cards and USB dongles are other sources to access the mobile Internet. However, smartphones are the main generator of mobile data traffic as it will account for nearly 95% of the total mobile data traffic by 2023 [25] . Table 5 shows the global average of mobile data traffic. The number of mobile subscribers has proliferated, and bandwidth demand for data and video content continues to increase. The percentage of mobile connections will be 77% in 2021 compared to 23% for the connections in the fixed network [18] . Therefore, the bandwidth capacity and efficiency of the cellular network should increase to align with consumer-usage trends effectively. In the next Sections, we investigate whether or not the cellular networks would be able to handle the future peak bandwidth of the mobile subscribers? To answer the question, we follow a similar approach to what we have done with the fixed-access Internet. We identify the top drivers of mobile networks. We then compare them and project their future impact on the bandwidth requirements.
We continue to see the evolution of mobile networks. While 4G or LTE communication continues to have the primary market share, there are field tests currently ongoing for 5G in some countries. Deploying next-generation mobile networks requires higher service portability and interoperability. With the increase of mobile devices (see Table 6 ), there is an imminent need for networks to allow all these devices to transparently be connected to a network providing high-performance computing and delivering enhanced real-time video and multimedia. ''Transparent'' means that a device is connected to a network seamlessly with no changes are needed in the network or in the device. New network capabilities have created uptake of newer advanced mobile services such as VR/AR. We find that this persistent evolution towards enhanced Quality of Service (QoS) metrics such as bandwidth, latency, and security will broaden the range of applications and services that can be deployed, creating a highly enhanced mobile broadband experience.
The expansion of cellular networks will increase the number of consumers who can access and subsequently rely on mobile networks. Therefore, operators must become more agile and able to quickly adapt not only to retain their current customers but also to attract new customers to subscribe to their services. While the business models of operators evolve, there is an increasing demand from consumers for higher quality and speeds of mobile data. There is an obvious move towards wireless technologies becoming seamless with wired networks for ubiquitous connectivity and experiences.
A. 5G: AN EVOLUTION OF CELLULAR TECHNOLOGY 4G and its iterations, LTE-A and LTE-A Pro, form the fundamentals of 5G. The deployment of LTE-A Pro will continue through 2017 to beyond 2020. 5G is expected to officially be released around 2021. So 5G and LTE iterations will coexist. The user would have a data bandwidth of 100 Mbps or higher. 5G promises not only a high data speed up to 10 Gbps, but also high connectivity coverage, low latency of 1 ms, and economic prosperity in which cellular-based data will be pivotal of the everyday activities that are ranging from IP-video calling to autonomous vehicle riding. Fig. 1 shows that by 2021, the 4G data speed will be almost double the average speed of cellular connection which, in turn, double the 3G data speed.
CISCO's table 3 in [4] shows the global average speed of the mobile network connection. However, it does not include the 5G penetration to the market in 2021. Assuming that 5G speed will be at least 10 times the speed of 4G, and its market share will be around 6% globally by 2021 [4] , we update CISCO's table 3. We compute the average connection speed in 2021 weighted by the market share of the different cellular technologies (i.e., 6% for 5G and 94% for other cellular technologies). Table 7 shows the two cases before (i.e., the original case) and after considering the 5G connections (the updated case) in 2021.
The table shows that 5G will contribute to around 20 Mbps to the global average connection speed, although its market share will not exceed 6%.
VII. CELLULAR CONNECTIVITY-BASED IoT DEVICES A. CURRENT STATUS OF CELLULAR-BASED IoT DEVICES
The advancement in technology produces small light-weight and low-power devices that can be worn. The class of wearable devices is a crucial enabler to the growing adoption VOLUME 7, 2019 of IoT. Wearable devices can connect to a network, perhaps cellular, and communicate through cellular connectivity or through smartphones. They have great potentials in many domains: Smart watches, Google's glasses, health and fitness trackers, health monitors, wearable scanners, navigation devices, and smart clothing. The growth of wearables has been fueled by the adoption of fashion to match personal styles in these devices and of being health-friendly [26] . However, the proliferation of these wearables faces challenges in terms of regulatory constraints regarding the use of data, privacy, and security. The current number of wearable devices is estimated by 325 million devices in 2016 as per Statista [27] . 3% of these IoT devices have embedded cellular connectivity [4] .
Other IoT devices that could use cellular data through perhaps smartphones are cameras and connected/autonomous vehicles (C/AV). However, there is not enough statistics about the percentage of these IoT devices that uses cellular bandwidth. We assume it is currently 3% like the wearables do. The average bandwidth required for these devices would not exceed 1.2 Mbps as shown in Fig. 2 which is also aligned with the results in Table 1 .
B. THE FUTURE OF CELLULAR-BASED IoT DEVICES
An unprecedented number of wearables is anticipated by 2021. CISCO estimates that there will be 929 million wearables globally by 2021 at a CAGR of 23% over five years. However, only 7% of these wearables will have cellular connectivity by 2021.
Besides mainstream mobile devices, billions of IoT connections will be added over the next five years. These connections are mostly either on Wi-Fi and/or on cellular networks. Fig. 2 shows the bandwidth consumption of a small selection of popular IoT devices. Although most of these devices operate wirelessly through Wi-Fi network, the penetration of 5G will alter the connectivity to cellular which would be much easier to run applications like stream video content live from almost everywhere.
As there will be much available 5G cellular bandwidth, we expect a home-based mobile Internet to have a market share gradually starting 2021 [28] . Furthermore, a SIM card would be embedded to the majority of IoT devices. Until that time comes, these devices are still able to share the cellular connection of the smartphone through the mobile hotspot application. Fig. 2 shows that the bandwidth required by these different cellular connectivity-based IoT devices ranges between 0.5 Mbps to 2 Mbps. As a numerical example, a 5 GB will last 24 and 6 operating hours, respectively, as worse-and best-case scenarios.
VIII. CELLULAR CONNECTIVITY-BASED VR/AR A. THE CURRENT STATUS OF CELLULAR-BASED VR/AR
Both VR and AR could be the next biggest bandwidth driver in the mobile network. The imminent release of 5G, efficient mobile connectivity of 10 Gbps of speed, coupled with the access to smarter mobile and IoT devices have all contributed to the growth of VR/AR. Globally, the average mobile Internet speed in 2016 was 6.8 Mbps. The limitation of cellular bandwidth and capped plan push the VR/AR data activity to take place within fixed-access Internet and Wi-Fi access points.
B. THE FUTURE OF CELLULAR-BASED VR/AR
The accelerated acquisition of smartphones, tablets, and wearable devices is significantly contributing to the development of AR and VR markets. Globally, smartphones will be 53.1% of device connections by 2021 at a CAGR of 11% over a 5-year period. As indicated in the previous VR/AR Section in fixed-access internet, VR headsets will grow at 40% CAGR. VR/AR market is expected to develop in a similar trend.
The VR/AR will have a significant impact on mobile bandwidth as even without cellular-based connectivity, VR/AR can share a cellular connection of smartphones. However, only 37% of mobile data traffic will be generated by cellular connectivity by 2021 [4] . The dependency on fixed-access Internet and Wi-Fi would be changed after the official release of 5G by 2021 in which the end user will enjoy generous plans and high speed. Thus, the growth of cellular-based VR/AR depends on the impending rollout of 5G [4] .
Quality of Service (QoS) requirements such as latency, jitter, throughput, and packet loss will become highly imperative for an immersive experience of cellular-based VR/AR experience. For instance, in VR gaming, the players will be frustrated when viewing lags and mal-formation of texture colors and sounds. These problems are expected due to unmet QoS requirements which are dictated by the quality of cellular connection.
IX. TOP MOBILE BANDWIDTH-CONSUMING APPLICATIONS
In this Section, we provide a list of mobile application mix that highly consumes mobile bandwidth. Similar to Section V in the fixed-access Internet, we investigate the current and the future of top application mix. We provide their market share and required bandwidth. The cellular connection could be shared/tethered by multiple individuals/devices and, hence, more bandwidth will be consumed.
A. THE CURRENT STATUS OF TOP MOBILE BANDWIDTH-CONSUMING APPLICATIONS
In its 2016 report [29] , Sandvine found that real-time Entertainment which includes video streaming and audio contents continues to be the largest mobile traffic category with around 37% of the cellular market. Facebook, Instagram, and What-sApp have traffic share accounts for over than 22% of the total market share in North America. Google Cloud has a share of 3.7%. This cloud which is used by Google's Android operating system (OS) to keep devices synchronized which requires significant uplink and downlink streaming. Mobile video content requires a higher bit rate than other mobile applications and, consequently, it will generate much data traffic. According to [4] , mobile video accounted for 60% of total mobile traffic in 2016, and this amount is expected to reach 78% in 2021.
Most of the current smartphones have the tethering feature in which the smartphone plays as an access point allowing to share the cellular data with others. However, this option was not usually popular because the limitations on data plan quota and data speed. We expect the cellular-data sharing to grow soon especially with the penetration of LTE-A Pro and 5G, and the co-existence of subscribers on old 2G and 3G networks which lack the data speed and data capacity [28] . The mobile data operator will compete heavily to attract more subscribers, and the existence of plenty of unused cellular resources such as bandwidth and coverage could perhaps be the best incentives to attract more subscribers. Since 5G will provide huge available cellular resources, it is expected that the number of cellular-enabled small cells to grow and maybe to replace the routers in-home Internet [30] .
As we focus on forecasting the bandwidth of mobile/home users at the peak period, it would be more realistic to include the group size which shares the same cellular connection. In this paper, the group size could range between 1-5, where 1 indicates that there is only one user/device accessing the mobile internet (i.e., no bandwidth sharing with others). Table 8 shows the top application mix in terms of mobile bandwidth consumption, the market share of each of them in 2016, the minimum required of mobile bandwidth for video streaming on HD and 4K with 30 FPS mobile displays, and the group size of sharing a cellular connection. The group sizes of 1,2, and 3 are shown in Table 8 for illustrative purpose only. They will be divided over the various applications in proportion to their market share.
B. THE FUTURE STATUS OF TOP MOBILE BANDWIDTH-CONSUMING APPLICATIONS
Almost every smartphone that released 2016 and beyond can play 4K, regardless of the screen resolution. However, the displays of the current smartphones have a resolution less than 4K. For example, Samsung S9 plus has a display resolution of 1440 × 2960 which is the highest resolution among other flagship-grade ones but is still less than 4K resolution. Playing back 4K video content on less-than-4K resolution display requires down conversion from 4K format to the display's resolution. Future devices will support 4K resolution and perhaps 8K as well. In order to create a table similar to Table VIII , we need to estimate the market share of the mobile application mix by 2021. We first provide auxiliary information. In the Table 9 , the mobile traffic shares for various mobile applications for the years 2016 and 2021.
The values in the third column in Table 9 are obtained by dividing the corresponding values in 2021 over the values in 2016. In this study, we assume that the projected market share of video content and other high-consuming applications in 2021 will follow the same ratio pattern in Table 9 .
As a numerical example, the market share of video applications by 2021 can be calculated as follows.
34.12 * 1.3 = 44.4%, where 34.12 is the market share of video applications by 2016, and 1.3 is the ratio from Table 9 . The ratio of an application mix is considered 1 in case it is not included in Table 9 . Consequently, we generate the bandwidth requirements of all top applications for year 2021 as shown in Table 10 . Table 10 is similar to Table 8 except the  TABLE 9 . Global mobile-data traffic shares per application: File sharing, audio, web/data, and video in 2016 and 2021. reproduced from [4] . market shares are now for the year 2021. The cross-reference between Table 8 and Table 10 shows that the bandwidth requirements of entertainment video application will be 30% more in 2021, the bandwidth requirements of the web browsing will be reduced by half, and the rest of the applications will have no change in its bandwidth requirements.
C. CASE STUDY: BANDWIDTH REQUIREMENT FOR STREAMING VIDEO CONTENT ON DIFFERENT HANDSETS
The combination of an increasing number of wireless handsets with high-resolution displays along with rapid growth of 4K video streaming will be perhaps the quickest recipe for subscribing in a big-capacity and high-speed data plan. The excellent experience of video streaming is directly related to the technology behind the display. For example, it would not do any good to view a low-resolution video on a higher resolution tablet screen or vice versa. Display resolution, frame per second (FPS) rate, and color depth factors will determine the required bandwidth, as long as the video stream has a similar resolution or higher. The human eye sees and perceives motion if FPS is about 15 FPS. As FPS increases, the observed motion gets smoother. Current video cameras support 30 FPS. Soon, the support of 60 FPS would be normal to provide an immersive experience to customers. The color depth or bits per pixel (bpp) is another important factor that affects both the video viewing perception of the user and the mobile-data bandwidth. For instance, 8-bit color depth allows 256 color combinations.
The recent display technology of iPhone XS Max is 6.5-inch Super Retina OLED: the resolution of 2, 688 × 1, 242 pixels, and 458 pixels per inch (ppi). On the other hand, Samsung Galaxy S9 Plus comes with 6.2-inch Super AMOLED display: the resolution of 1440 × 2960 pixels, and 531 ppi. The difference between the screens of S9 plus and XS Max is that S9 plus has a fixed resolution of 1440 × 2960 regardless of the display size, while the retinal display of XS Max provides a high enough pixel density so that the human eye is unable to recognize the pixels at a typical distance of viewing [31] . For example, a 10-inch tablet, with 10-inch viewing distance requires ppi of 300 so that the human eye perception does not recognize the pixilation. Smartphones manufacturers move more quickly to a greater mix of screen types and sizes, which appears to be shaping up years beyond 2018. A video with 1440 × 2960 resolution, 24-bit depth color, and 30 FPS which matches a Samsung S9 plus display's specification requires a raw data bandwidth of 3068.9 Mbps. With a reasonable compression ratio of 50:1, the needed mobile bandwidth becomes 61.4 Mbps.
In a similar way, we tabulate the bandwidth requirements of streaming video content on top 2018 smartphones as shown in Table 11 . None of the displays of 2018 smartphones in Table 11 comes with 4K resolution (i.e., 3860 × 2160) and most of them support only 30 FPS video streaming. However, it is expected that by 2021, multiple smartphones vendors will be able to provide smartphones with 4K displays which can even stream videos at 60 FPS. This requires a bandwidth of 12 Gbps without compression, and 240 Mbps for 50:1 compression ratio.
Streaming video using older versions of smartphones will require less bandwidth as older wireless handsets have less display resolution. Table 12 shows the required bandwidth before and after 50:1 compression ratio.
On the other hand, streaming video through smartphone is constrained by three physical limitations: 1) the wireless technology embedded in the smartphone which could support 2G, 3G, 4G, or 5G, 2) the display resolution of the smartphone which does not reach 4K yet, and 3) cellular network technology provided by the carrier to the subscribers. For instance, General Packet Radio Service (GPRS), the 2G-enabled network offers a theoretical maximum transfer speed of 50 kbps (40 kbps in practice). With EDGE (Enhanced Data Rates for GSM Evolution), there is a theoretical maximum transfer speed of 1 Mbps (500 kbps in practice). The subscribers to these cellular technologies are incapable of streaming videos of any resolution.
In the cellular market implementation, 3G provides downlink data speed up to 384 kbps for Wideband Code Division Multiple Access (WCDMA), up to 7.2 Mbps for High-Speed Packet Access (HSPA) and a theoretical maximum of 21.6 Mbps for HSPA+.
4G LTE wireless broadband, on the other hand, is 10 times faster than 3G. It provides download speeds between 5 and 12 Mbps and upload speeds between 2 and 5 Mbps, with peak download speeds approaching 50 Mbps [32] . LTE-Advanced (LTE-A) was released in 2011 as the first iteration of LTE. It provides data speeds of 25-220 Mbps [33] . LTE-A Pro is the second generation of LTE. It supports data rates of 3 Gbps using 32-carrier aggregation.
The International Telecommunication Union (ITU) has defined 5G network speeds 10 Gbps. The peak speed of 5G could reach up to 20 Gbps [34] . In the Table 13 , we summarize the different cellular technologies and their data bandwidth. Table 13 above shows a high data speed for LTE technology and beyond. However, the actual global average data speed measured at the subscriber's end in 2018 is 14.9 and 24.5 Mbps for smartphones and tablets, respectively [4] . Forbes [35] reported similar values where downlink/uplink speeds in the US do not exceed 25 and 10 Mbps, respectively, in 2017. Table 14 shows the global projected average of mobile network data speeds between 2016-2021. However, as noted by CISCO [4] , the above data speed forecast depends on a third party [36] to test the connection speed. It does not consider both the top drivers of mobile bandwidth, and user's behavior towards future mobile services, and the penetration of 5G to the market. 3 The following graph combines two results from CISCO [4] and Ovum [37] . It shows the projection portion of each cellular technology including the 5G over the period from 2015-2021. Fig. 3 shows that 3G reaches its maximum market share limit at 44% by the end of 2019. Considering the first official release of LTE in 2008, 4 the market share of LTE and its iterations (i.e., LTE-A, and LTE-A Pro) will equal to the market share of 3G at some point in 2020. This means LTE has to wait 12 years to dominate the market share of cellular networks. Solving the best-fit polynomial equations of the market share of both 3G and LTE gives an intersection point of (2020.51, 39.5) . The year 2020 is an inflection point at which 3G starts declining, and for 5G which starts gaining some market share. According to 3GPP [39] , phase 1 of 5G is released in 2018. However, the first frozen/stable release of 5G is not expected before the end of 2019. 5G will take some time until it gains significant subscription share of the cellular market as there are many businesses rely on its predecessors' cellular technologies and the transition is not straightforward and would take x number of years. Assuming that 5G will require the same time as 4G did to dominate the market share, we expect the market share of 5G to match the 4G by 2032 (i.e., x = 12). This period could be far less if the cellular operators decided that older mobile technology is not sufficient anymore for the growth of their businesses which would include new DaaS products that require high bandwidth.
X. MODELING AND NUMERICAL RESULTS

A. THE FIXED-ACCESS INTERNET
High QoS is crucial for sensitive applications such as video on demand (VoD), VR gaming, and Voice over IP (VoIP). ISPs should ensure satisfactory quality for their customers.
We design our model considering the bandwidth demand of various household-related factors. The households differ in terms of size (Household-size factor), level of IoT sensor adoption (IoT-adoption factor), adopting 4K technologies (4K-tech factor), VR/AR usage (VR-AR-usage factor), 4 Release 8 was frozen in December 2008 [38] . and the intensity of usage (Intensity-usage factor). Furthermore, we assume that the compression percentage of all video streaming, VR/AR technology, and downloading files will reach up to 50% by the year end of 2021 and this assumption is aligned with the average compression rate in [22] . Which means reducing the bandwidth required by the same percentage. Table 15 shows the range of values for each household factor.
Our proposed model creates a total of 540 household profiles. The intensity of usage is modeled as a percentage of household size. For instance, 5% represents the percentage of household members who will involve in downloading large files, streaming 4K videos, or playing immersive VR games. This percentage is the lowest possible intensity-usage, compared to 35% which is the highest. In the Table 16 , the metric of ''IoT-adoption'' is quantified.
In the following four experiments, we study the impact of different household factors on the fixed-access bandwidth demand by 2021. Fig. 4 shows that the household demand for bandwidth to meet the IoT adoption requirement will range between 18 Mbps to 36 Mbps in 2021. The impact of VR/AR on a bit rate demand is shown in Fig. 5 . We set a third of the household members as potential users of VR/AR technology by 2021. This assumption is aligned with CISCO's CAGR of 38% increase of wearable VR/AR equipment. We recall that the compression ratio is 50% of the original file size. Consequently, the SD, HD, and Retina VR games will require a bandwidth of 25, 40, and 300 Mbps, respectively.
Playing VR/AR technology with retina resolution will require a significantly higher bit rate despite the 50% compression of the streaming data. Fig. 5 shows that HD VR/AR requires around 75 Mbps only, while the retina option requires up to 500 Mbps for a household of five.
The impact of top applications with 4K technology on residential bandwidth is shown in Fig. 6 . In this experiment, we measure the bandwidth required by 2021 with various household size and different adoption percentage of 4K technology. The model predicts that up to 65 Mbps will be required by the household in case of 50% adoption of 4K technology in the top application such as video streaming. Fig. 4, 5, and 6 show clearly that the bandwidth requirements for medium adoption of 4K and VR/AR surpass the requirements of high adoption of IoT. In the next experiment, we use MATLAB R2017b to generate all possible household profiles along with their bit rate demand. Then we create a cumulative distribution function (CDF). CDF is an effective tool to know the portion of a household that requires less than or equal a value k Mbps. Fig. 7 shows the empirical CDF and its best fit theoretical CDF. From the empirical CDF curve, we can see that 30% of a household will require less or equal 50 Mbps to meet their demand on bandwidth. 50% of a household (i.e., median) will require less or equal 78 Mbps. Furthermore, 62% of households will require 100 Mbps or less. Only 10% of the household will demand more than 300 Mbps in 2021, and nearly half of them will use more than 500 Mbps.
B. THE MOBILE INTERNET
Similar to the fixed-access Internet, we design our user's mobile bandwidth consumption model considering the mobile bandwidth demand of various cellular-connection factors. The cellular connections differ in terms of a connection sharing-group size (Pairing-size factor), level of cellular-based IoT sensor adoption (Cel-IoT-adoption factor), adopting 4K technologies (Cel-4K-tech factor), VR/AR usage (Cel-VR-AR-usage factor), and the intensity of cellular-connection usage (Cel-Intensity-usage factor). Furthermore, we follow the same assumption in the previous subsection by considering the compression of files and video streaming up to 50% by 2021. Table 17 shows the range of values for each cellular-connection. The difference between Table 16 and Table 17 is that the intensity of cellularconnection usage is restricted to three values 10%, 20%, and 30% compared to four values in its fixed-access counterpart in Table 16 . This is because the cellular-based devices have usually limited power sources, and they are unlikely to do ultra-highly intensive activities.
There are 405 different profiles of a cellular connection. The cellular intensity of usage is modeled as a percentage of a connection pairing size. The percentage setting is [10, 20, 30] covers the portion of paired devices which may participate in large application's downloading, video streaming, or VR gaming. In the Table 18 , we quantify the metric of ''Cel-IoT-adoption.'' Similar to the fixed-access Internet, we conduct four experiments to study the impact of different cellular connection factors on the mobile bandwidth demand by 2021. Fig. 8 shows that the more paired IoT devices to a cellular connection, the more bandwidth is required which is expected. The demand for bandwidth to meet the IoT adoption requirement will range between 6 Mbps to 10 Mbps in 2021.
The impact of VR/AR on a bit rate demand is shown in Fig. 9 . We set a 6% of the pairing-group devices as potential operating terminals of VR/AR technology by 2021. This assumption is aligned with our result on the percentage of 5G penetration by the end of 2021. We use the same required bandwidth values of different VR/AR resolution formats as we did in fixed-access internet. The compression ratio is still 50%.
Playing seamless cellular-based VR/AR with retina resolution will require more than 100 Mbps which can only be provided by the 5G. Fig. 9 shows that HD VR/AR requires around 15 Mbps only, while the SD option requires up to 10 Mbps for pairing-size of five. This result can be illustrated in the light that very low percentage of users (pairing-size), i.e., only 6%, would be willing to play VR/AR on cellular data due to the limitation on data bandwidth, plan cap, and battery power of smartphones.
The impact of top applications with 4K technology on residential bandwidth is shown in Fig. 10 . In this experiment, we measure the bandwidth required by 2021 with various pairing-size and different adoption percentage of 4K technology. The model predicts that up to 32 Mbps will be needed by pairing-size of 5 and 30% adoption of 4K technology in the top application such as video streaming. Fig. 8, 9 , and 10 show clearly that the bandwidth requirements for the high adoption of IoT will be away much less than 4K entertainment bandwidth requirement for medium adoption.
We next use MATLAB to generate all possible connection pairing-size profiles along with their bit rate demand. We then create a CDF. Fig. 11 shows the empirical CDF and its best fit theoretical CDF. It shows that 50% of the cellular connection-sharing devices will require less than 25 Mbps of bandwidth, and 85% will require 50 Mbps or less. Only 5% of them will demand more than 100 Mbps in 2021. 138 Mbps is the upper bound of mobile bandwidth requirements.
XI. CONCLUSION
This paper provides an insightful projection of the future bandwidth of both fixed-access and mobile Internet. For the two approaches, fixed-access and mobile Internet, we identify the bandwidth drivers and compare them in terms of their impact on the future bandwidth demand. We design our models of fixed-access/mobile Internet to cover a wide variety of household/connection-sharing types and as well as users' Internet usage behavior. Our findings in fixed-access Internet show that 4K and VR/AR technology will shape the future of residential bandwidth. On the other hand, while IoT is growing on an everyday basis with many potential innovative technologies, it will not alter the bandwidth consumption pattern of typical households. Our model predicts a jump in residential bit rate demand especially for houses which adopt more new technology such as VR/AR and 4K video streaming. We project that more than 35% of households will demand bit rate speed of more than 100 Mbps, and 10% will require more than 300 Mbps.
This study also forecasts the mobile bandwidth at 2021 which is the expected year of the official release of 5G technology, and it will secure only 6% of the market share by that time. Although 4G and its iterations would be sufficient to many applications and services, 5G will be essential to other services, that are challenged with stringent constraints like low latency and/or high bit rate (> 100 Mbps), such as autonomous vehicles, and cellular-based AR/VR. Our mobile-based data results show that 85% of the connectionsharing devices will require less than 50 Mbps, and only the top 5% will require between 100 Mbps and 138 Mbps. We conduct a use case study also to calculate the bandwidth requirements by regular and flagship handsets when streaming video with resolution greater than or equal to the display's resolution of the handset.
As this forecast is primarily directed to ISPs and cellular operators, we have the following remarks:
• Fixed and mobile Internet DaaS products become part of people's daily life. So, it is not supplementary any more.
• The more you provide exceptional services with multiple differentiation, the more customer you acquire.
• As DaaS industry blooms, new demands appear from customers in terms of bandwidth, availability, stability, and seamless service.
• Provide packages to all people. Packages of a bandwidth that range between 10 Mbps plan to a Gigabit plan. Take into consideration that the customers would be more likely to subscribe with packages with higher internet bandwidth than what they really need.
• Operators should benefit from the penetration of 5G. They can attract more consumers by providing more new services and relax the cap on a mobile plan.
The fixed and mobile Internet infrastructures should be in line with the customer demand as many technologies are still in cubical research which may require tremendous bandwidth. 5G, time and wavelength division multiplexed passive optical network (TWDM-PON) [40] , and optical open access [41] are an excellent investment for the future.
